Transplantation using bone marrow mesenchymal stem cells (BMSCs) is emerging as a potential regenerative therapy after ischemic attacks in the brain. However, it has been questioned because very few transplanted BMSCs are detected homing to and survived in the ischemic region. Improving the cell viability and migration ability under the complex ischemic condition seems very important. The aim of our study is to identify whether hypoxic condition and granulocyte colony-stimulating factor (G-CSF) could improve the cell survival and migration ability of transplanted cells or hypoxic condition could promote BMSC's neural differentiation. BMSCs were treated under either normoxic (21% O 2 ) or hypoxic (1% O 2 ) (HP-BMSCs) conditions, no significant apoptosis was observed in hypoxic precondition (HP) group, our study confirmed that HP improves BMSCs proliferation and migration. Meanwhile, neural induction of BMSCs under hypoxic condition exhibited significant superior results than normoxic condition. Additionally, the addition of G-CSF in HP-BMSCs culture media promoted HP efficiency on BMSCs. These findings shed light on novel efficient strategy on the prosperity of BMSCs. Hypoxic preconditioning and cultured with G-CSF may become a promising therapeutics for cell-based therapy in the treatments of ischemia stroke.
Introduction
Ischemic stroke is a major cause of mortality and disability worldwide. Transplantation methods using stem cells, such as bone marrow mesenchymal stem cells (BMSCs), are being developed as potential regenerative therapies for ischemic attacks in the brain. BMSCs are multipotent cells that are able to differentiate into not only mesodermal lineage cells (such as osteoblasts, chondrocytes, adipocytes and muscle cells), but also into neurons and astrocytes (1, 2) . In addition, basic and clinical studies have suggested that human BMSCs are not antigen-presenting cells and so will not activate the immune system of the host (3, 4) . However, this has been questioned in recent years because very few transplanted BMSCs are found to home to and survive in the ischemic region of the brain. Several factors may affect cell survival in the acute phase of cerebral infarction, including limited blood supply, hypoxia, trophic factor deficiency, oxidative stress and inflammatory response (5) . Improvements in the survival, migration, homing and engraftment rate of transplanted BMSCs are urgently required.
Hypoxic preconditioning (HP) has been shown to be neuroprotective against ischemic brain injury (6) . It is reported that HP promotes the survival of embryonic stem cells and provides functional benefits following transplantation into the ischemic rat brain (7) . However, little is known of the effect of hypoxic conditioning on BMSC neural differentiation. In the present study, the effects of HP on the proliferation and migration of canine BMSCs as well as the effects on neural differentiation were investigated.
The therapeutic effects of granulocyte-colony stimulating factor (G-CSF) are pleiotropic. G-CSF has been used for bone marrow reconstruction and stem cell mobilization (8) .
A study has shown that G-CSF may contribute to improving the outcome of BMSC transplantation therapy for central nervous system disorders (9) . However, the effect of G-CSF on hypoxically preconditioned BMSCs is not well characterized.
In the present study, it was hypothesized that HP treatment could improve the proliferation of BMSCs, protect them from necrotic and apoptotic insults and promote their survival in vitro, and that culturing with G-CSF may further promote this efficiency.
Materials and methods
Cell culture and characterization. In a previous study (10) , we successfully cultured BMSCs obtained from 16 healthy adult beagle dogs of either gender and 13.96±1.0 kg body weight (Laboratory Animal Centre, Anhui, China). In brief, BMSCs were isolated from bone marrow obtained from the humerus of beagle dogs by density-gradient separation, using lymphocyte separation medium (TBD Science, Tianjin, China). In the present study, BMSCs were isolated by the previously described method (10) . Confluent cells at passage 3 (P3) were used for all experiments. These cells were propagated as a monolayer culture in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), 4.5 g/l D-glucose, 100 U/ml penicillin and 100 µg/ml streptomycin. The DMEM, penicillin and streptomycin were from Gibco (Thermo Fisher Scientific, Inc., Waltham, MA, USA). For cell characterization, CD90, CD44 and CD34 expression were identified by flow cytometry (BD FACSCalibur, BD Biosciences, CA, USA). In brief, passage 2 BMSCs were collected in FACS tubes (BD Biosciences) at 2x10 5 cells/tube and washed with FACS buffer. The cells were incubated with antibodies at room temperature for 1 h. Antibodies used were as follows: CD90-PE (561970; BD Pharmingen, San Jose, CA, USA), CD45-PE (555480; BD Pharmingen) and CD34-fluorescein isothiocyanate (FITC; 8011-0349; eBioscience Inc., San Diego, CA, USA). The cells were then washed twice and resuspended in 500 µl FACS buffer. The cells incubated with CD90, CD44 or CD34 were incubated with anti-human IgG secondary antibodies labeled with PE or FITC for 1 h. Cells were washed twice and resuspended in 500 µl FACS buffer. Cell fluorescence was then evaluated and data were analyzed using FlowJo software (Tree Star, Ashland, OR, USA).
Hypoxic and normoxic conditions. Culture using 1% O 2 was defined as hypoxic and 21% O 2 as normoxic conditions. Hypoxic treatment of cells comprised culturing them in a hypoxic incubator, where the O 2 concentration in the chamber was maintained at 1%. Cells of the normoxic control were subjected to the same procedures, with the exception that they were maintained in an atmosphere comprising 21% O 2 . To evaluate the effects of hypoxia, BMSCs were divided into the following four groups: Groups HP-1, HP-2 and HP-3, in which cells were cultured under hypoxic conditions for 6,12 and 24 h, respectively, before being transferred to normoxic conditions, and the normoxic group (group N), in which cells were exposed to 21% O 2 throughout the culture.
G-CSF treatment. In order to evaluate the effect of G-CSF on hypoxia-treated BMSCs, the BMSCs were co-cultured with 2 u/cell G-CSF immediately after the hypoxic treatment.
Cell apoptosis. For assessment of cell apoptosis, flow cytometry (BD FACSCalibur) was used to determine the percentages of dead cells and cells undergoing apoptosis as described previously (10) . In brief, Annexin V + /propidium iodide (PI -) cells were considered as early apoptotic while Annexin V + /PI + cells were counted as late apoptotic or dead.
Cell viability assay. To detect the viability of the BMSCs, cells were cultured in 96-well plates with 1,000 cells per well. After different treatments, the cell viability was assayed at three different time points: 24, 48 and 72 h. A Cell Counting Kit 8 (CCK8) assay (Dojindo Molecular Technologies, Inc., Kumamoto, Japan) was used according to the manufacturer's protocol. The absorbance (A) at 450 nm was measured using a microplate reader. All experimental conditions were repeatedly tested as least three times.
Cell migration. The migration ability of BMSCs was detected using a 24-well Transwell cell culture chamber (polycarbonate membrane; Corning Incorporated, Corning, NY, USA). Briefly, an aliquot of 1x10 4 cells was placed into the upper chamber with 100 µl serum-free medium. The lower chamber was filled with 600 µl medium containing 10% FBS. After 36 h incubation, the cells on the upper surface of the filters were removed. The filters were fixed in 4% paraformaldehyde and the cells that had migrated to the lower side of the filter were stained with crystal violet. Next, the cells were counted under a CKX31 microscope (Olympus Corporation, Tokyo, Japan). At least three chambers from three different experiments were analyzed for each condition.
Cell neuronal differentiation. Neuronal differentiation was induced following previously reported procedures (11, 12) . Briefly, sub-confluenced BMSCs were preinduced for 24 h with DMEM, 20% FBS and 1 mM β-mercaptoethanol, and then were induced for 6 h with DMEM, 100 mM butylated hydroxyanisole (BHA) and 2% dimethylsulfoxide (DMSO). Finally, cells were cultured in maintenance media containing DMEM, 100 mM BHA, 2% DMSO, 25 mM KCl, 2 mM valproic acid, 10 µM forskolin and N-2 supplement for 1-3 days. At the beginning of preinduction, cells were randomly transferred to normoxic and hypoxic conditions, respectively. BMSCs cultured under normoxic conditions with DMEM and 20% FBS were used as control. The percentages of neuron-like cells were measured by two experienced unrelated individuals blindly via the random selection of 10 non-overlapping visual fields per well. Additionally, the mRNA expression of the neuronal markers nestin (NSE), oligodendrocyte transcription factor 1 (Olig1), glial fibrillary acidic protein (GFAP), microtubule-associated protein 2 (MAP-2) and neurofilament light chain (NF-L), and C-X-C chemokine receptor type 4 (CXCR-4) were analyzed by reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
RT-qPCR analysis. Expression of neuronal markers (Nestin, Olig1, GFAP, MAP-2 and NF-L) and CXCR-4 was analyzed by RT-qPCR. Total RNA was extracted from cultured cells using TRIzol reagent (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. RNAs were reverse transcribed using a PrimeScript RT Reagent kit and Oligo dT primer (Takara Bio, Inc., Otsu, Japan). qPCR was performed at 95˚C for 5 sec and 60˚C for 34 sec in 20 µl buffer containing SYBR premix ExTaq II and ROX Reference Dye (Takara Bio, Inc.) and 0.2 µM of each primer using SYBR premix DimerEraser (Takara Bio, Inc.) on a 7900HT Fast Real-Time PCR system. GUSB was used as an internal control for ∆∆Cq analysis (13) . The primers are listed in Table I .
Statistical analysis. Data are presented as mean ± standard deviation. Student's unpaired t-test and one-way analysis of variance were used to compare two or three independent groups, respectively. P<0.05 was considered to indicate a statistically significant difference. All analyses were conducted using SPSS statistical analysis software (version 13.0; SPSS, Inc., Chicago, IL, USA).
Results

HP facilitated the proliferation and migration of BMSCs.
BMSCs were harvested from healthy beagles as previously described (10) . When observed under a microscope, typical BMSCs were elongated and spindle-shaped cells with branching extensions under either normoxic (21% O 2 ) or hypoxic (1% O 2 ) conditions ( Fig. 1A) . BMSCs at P3 were characterized by flow cytometry for the phenotypic expression of cell surface markers for mesenchymal stem cells. BMSCs were positive for the cell surface marker CD44 and negative for CD34 and CD90 (Fig. 1B) .
To investigate the influence of hypoxia on BMSCs, cells were cultured under hypoxic conditions (1% O 2 ) prior to being transferred to normoxic conditions (21% O 2 ). Flow cytometry was used for the assessment of cell apoptosis. No significant apoptosis was observed in the three HP groups or the normoxic group (Fig. 1C ).
To detect cell proliferation, cells were moved to normoxic conditions for 24 h following hypoxia treatment. Subsequent to this, cell proliferation in each group was detected using the CCK8 assay. HP promoted BMSC proliferation in comparison with that in the normoxia group (Fig. 1D) . Also, the 12-h hypoxic treatment group exhibited the greatest increase in cell proliferation.
Cell migration to the region of injury is a critical step in stroke therapy. To understand whether HP could affect the migration activity of BMSCs, Transwell assays were performed. The results confirmed that HP treatment facilitated the migration ability of BMSCs, significantly increasing the migration rate of the cells (P<0.05; Fig. 1E ).
HP facilitated the neural differentiation of BMSCs.
Neuronal differentiation under hypoxic conditions resulted in a significantly higher percentage of neuron-like cells in contrast to normoxic conditions (68.5±5.3 vs. 54.3±7.4%, P<0.05; Fig. 2A ). Furthermore, MAP-2 and NF-L, which are mature neuronal markers, as well as CXCR-4, which contributes to cell migration capacity, were expressed at markedly higher levels in the neuronal induction groups (P<0.05). Additionally, in the neuronal induction group, these markers were expressed at significantly higher levels under hypoxia than normoxia. However, the expression of Nestin and Olig1 revealed no significant difference between the hypoxic neuronal induction group and the normoxic group (Fig. 2B) . The expression of GFAP was higher in the hypoxic neuronal induction group compared with the normoxic group.
G-CSF treatment promoted the efficiency of HP on BMSCs.
To further evaluate the effect of G-CSF on HP-treated BMSCs, cells were co-cultured with 2 u/cell G-CSF after HP treatment; 2 u/cell G-CSF shows a protective effect on BMSCs (data not shown). The proliferating ability of BMSCs was increased in the G-CSF culture group compared with that of the group treated with hypoxia alone (P<0.05; Fig. 3A ). 
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To further evaluate the cell migration ability, Transwell assays were used. BMSCs were plated in the upper chamber with G-CSF. A greater number of cells migrated following G-CSF culture than with HP treatment only (P<0.05; Fig. 3B ).
Discussion
BMSCs have shown great promise in ischemic tissue repair and have the following advantages: i) No ethical issues, as they are a self-derived bone marrow derivative ii) high proliferation rate, and so can be amplified in a short period of time; iii) no transplant rejection occurs so no immune-suppressants are required. It has been reported that the transplantation of BMSCs promotes the repair and regeneration of nerve tissue within the central and peripheral nervous systems (14) . A study of experimental stroke in animals have shown that the transplantation of BMSCs has promising benefits on functional recovery following ischemic stroke or traumatic injury (15) . However, the therapeutic effect of BMSC transplantation is limited due to the poor survival and migration of BMSCs. The present in vitro study provided direct evidence that HP preserves BMSCs by increasing their proliferation ability and facilitating their migration rate. In brief, HP is favorable to BMSC culture. This finding is also supported by the 'Adaptive cytoprotection' theory: pretreatment of cells with a moderate stimulus that does not cause cell damage improves the cell tolerance (16, 17) .
Similar to the results of the present study, in vitro and in vivo studies have shown the benefits of hypoxic pre-conditioned stem cells on neural differentiation (18, 19) . However, in these studies, neural differentiation and hypoxic conditioning were not conducted simultaneously. In the present study, neural differentiation induced under hypoxic conditions exhibited significantly higher neural differentiation and relative marker expression than that observed under normoxic conditions. This may better mimic the in vivo environment of transplanted mesenchymal stem cells (MSCs), and indicates that transplanted MSCs may act better in ischemic regions than in normal tissues. The stromal cell-derived factor 1/CXCR-4 axis plays an important role in stem cell recruitment (20) . The results of the present study showed that CXCR-4 was expressed with neural differentiation concurrently, and hypoxic conditioning could markedly improve this effect. Nichols et al induced CD133 + ABCG2 + CXCR4 + MSCs with human peripheral blood-derived MSCs by priming with β-mercaptoethanol combined with trans-retinoic acid and culturing in neural basal media (21) . These induced MSCs consistently expressed markers of neural lineage and could be recruited predominantly to the site of nervous injury to reduce apoptosis (21) . Therefore, we speculate that hypoxia co-induced BMSCs may be more suitable and beneficial in ischemic stroke, although additional in vivo evidence is required.
Cell death following cerebral ischemia is acknowledged to be mediated by a complex pathophysiologic interaction of different mechanisms. Therefore, the present study focused on identifying new and effective strategies that can improve the survival and migration ability of BMSCs. The results demonstrated that G-CSF improved the efficiency of HP in the promotion of canine BMSC survival and migration in vitro. This is consistent with the previously reported finding that G-CSF treatment following Trypanosoma cruzi infection enhanced the migration and homing of BMSCs (11) , and that G-CSF has an influence on recovery following neuronal injury (12) . Thus, the present study not only explored a simple and effective strategy to improve the proliferation and migration ability of BMSCs, but also suggested that HP and co-culture with G-CSF may represent a clinically effective and feasible method of manipulation of cell preparations for a better transplantation therapy outcome.
The use of BMSCs from beagle dogs is rarely reported and this type of experimental cell has advantages and superiority as in comparison with small animals without gyri in the brain, the beagle dog brain is structurally and functionally more similar to the human brain. The present study focused on beagle dog BMSCs, which should provide more useful information for clinical transplantation therapy. We plan to detect BMSC viability and migration in vivo in the future. BMSCs are known to secrete numerous biological factors, and under strenuous hypoxia and serum starvation, the expression levels of some of these factors are upregulated. Kinnaird et al reported that these included the following cytokines: Vascular endothelial growth factor, fibroblast growth factor 2, interleukin-6, placental growth factor and monocyte chemoattractant protein-1 (22) . The intramyocardial injection of MSC-conditioned media improved collateral blood flow recovery and limb function, and reduced muscle atrophy (22) . The changes of these cytokines in our canine model were not tested in the present study. In future studies, we plan to detect these cytokines and signaling that may improve the biological characteristics of BMSCs and their effects on bone marrow cell therapy in ischemic injury.
In conclusion, the present study showed that HP and G-CSF culture can improve the proliferation and migration ability of canine BMSCs in vitro. This study provides a potential novel strategy for BMSCs culture that might be useful in ischemic stroke therapy.
